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OBJECTIVE — Diabetes is associated with vascular oxidative 
stress, activation of NADPH oxidase, and uncoupling of nitric oxide 
(NO) synthase (endothelial NO synthase [eNOS]). Pentaerithrityl 
tetranitrate (PETN) is an organic nitrate with potent antioxidant 
properties via induction of heme oxygenase-1 (HO-1). We tested 
whether treatment with PETN improves vascular dysfunction in 
the setting of experimental diabetes. 

RESEARCH DESIGN AND METHODS— After induction of 
hyperglycemia by streptozotocin (STZ) injection (60 mg/kg i.v.), 
PETN (15 mg/kg/day p.o.) or isosorbide-5-mononitrate (ISMN; 
75 mg/kg/day p.o.) was fed to Wistar rats for 7 weeks. Oxidative 
stress was assessed by optical methods and oxidative protein mod- 
ifications, vascular function was determined by isometric tension 
recordings, protein expression was measured by Western blotting, 
RNA expression was assessed by quantitative RT-PCR, and HO-1 
promoter activity in stable transfected cells was determined by 
luciferase assays. 

RESULTS— PETN, but not ISMN, improved endothelial dysfunction. 
NADPH oxidase and serum xanthine oxidase activities were sigruf- 
icantiy reduced by PETN but not by ISMN. Both organic nitrates 
had minor effects on the expression of NADPH oxidase subunits, 
eNOS and dihydrofolate reductase (Western blotting). PETN, but 
not ISMN, normalized the expression of GTP cyclohydrolase-1, 
extracellular superoxide dismutase, and >S-glutathionylation of 
eNOS, thereby preventing eNOS uncoupling. The expression of 
the antioxidant enzyme, HO-1, was increased by STZ treatment 
and further upregulated by PETN, but not ISMN, via activation 
of the transcription factor NRF2. 

CONCLUSIONS— In contrast to ISMN, the organic nitrate, 
PETN, improves endothelial dysfunction in diabetes by prevent- 
ing eNOS uncoupling and NADPH oxidase activation, thereby 
reducing oxidative stress. Thus, PETN therapy may be suited to 
treat patients with cardiovascular complications of diabetes. 
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Diabetes is a major risk factor for the develop- 
ment of cardiovascular disease (1), and endo- 
thelial dysfunction is encountered early during 
the development of vascular complications in 
this setting (2). Animal and human studies have demon- 
strated that increased oxidative stress largely accounts 
for this phenomenon. In particular, diabetes has been as- 
sociated with endothelial dysfunction and vascular super- 
oxide production attributed to the activation of the vascular 
NADPH oxidase and uncoupling of the endothelial nitric 
oxide synthase (eNOS) (3). In the setting of diabetes, 
3-hydroxy-3-methylglutaryl-coenzyme A-reductase inhibition 
and ATi receptor blockade have been demonstrated to pre- 
vent the activation of NADPH oxidase and to recouple the 
dysfunctional eNOS. These effects primarily were mediated 
by an increase in the expression of the BH4-synthesizing 
enzyme, GTP cyclohydrolase-1 (GCH-I), leading to the 
normalization of vascular BH4 levels and to the reduction 
of vascular oxidative stress and endothelial dysfunction 
(4,5). Alternatively, the oxidation of the zinc-sulfur com- 
plex (4,6) or phosphorylation at Thr495 (7) may contribute 
to eNOS uncoupling in diabetic tissue. 

Organic nitrates are largely used in the therapy of coro- 
nary artery disease. These drugs, however, have important 
adverse effects, such as the induction of nitrate tolerance 
and endothehal dysfunction (8-10). Complicating these 
issues, nitrate resistance (i.e., a reduced responsiveness to 
organic nitrates mainly as a result of increased oxidative 
stress in vascular tissue) frequently is encountered in the 
setting of diabetes. Rather than improving vascular func- 
tion, however, administration of exogenous NO in the form 
of organic nitrates would lead in this setting to its de- 
terioration, an effect likely attributed to an increased 
formation of the N0/02~ reaction product, peroxynitrite, 
and an effect also observed in the setting of hypercho- 
lesterolemia (11). 

An interesting compound with recently discovered new 
features is the organic nitrate pentaerithrityl tetranitrate 
(PETN). In contrast to all other organic nitrates, such as 
nitroglycerin (GTN), isosorbide-5-mononitrate (ISMN), 
and isosorbide dinitrate, PETN is an organic nitrate that is 
devoid of adverse effects, such as the induction of nitrate 
tolerance, vascular oxidative stress, and endothelial dys- 
function (12,13). Providing an explanation for these ob- 
servations at a molecular level, PETN has been shown to 
be a powerful inducer of heme oxygenase-1 (HO-1), which 
subsequently stimulates the expression of ferritin and 
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increases vascular bilirubin and CO levels (14-16), lead- 
ing to a reduction of oxidative stress in vascular tissue. In 
contrast, ISMN was reported to induce endothelial dys- 
function, a phenomenon that was corrected by vitamin C, 
pointing to the reactive oxygen species (ROS) stimulatory 
effects of this organic nitrate (17). In a recent study, we 
reported that PETN, but not ISMN, improves vascular oxi- 
dative stress and dysfunction in two different animal models 
of arterial hypertension (18). 

With the present studies, we sought to determine 
whether the treatment of diabetic animals with NO donors 
with and without antioxidant capacities may influence 
endothelial dysfunction and oxidative stress in a rat model 
of diabetes. 

RESEARCH DESIGN AND METHODS 

The Gene Juice transfection reagent was from Merck (Darmstadt, Germany). 
Zeocin and psiRNAhHl-GFPzeo were purchased from InvivoGen (San Diego, 
CA). The negative control (SI03650325), the validated anti-NRF2 siRNA 
(SI03246950), and the HiPerFect HTS reagent were purchased from Qiagen 
(Hilden, Germany). The passive lysis buffer and the luctferase assay system 
were from Promega (Mannheim, Germany). Restriction enzymes, calf intestine 
alkaline phosphatase, Taq DNA polymerase, and dNTPs were purchased 
from New England Biolabs (Frankfurt, Germany). The High-Capacity cDNA 
Reverse Transcription Kit was purchased from Applied Biosystems (Darmstadt, 
Germany). All oligonucleotides and dual-labeled probes were purchased from 
MWG Biotech (Ebersberg, Germany). The Bradford reagent was obtained from 
BioRad (Munich, Germany). The plasmid pGL3/hH0-l was a gift of Dr. S.H. Juan 
(19). For isometric tension studies, GTN was used from a nitrolingual infusion 
solution (1 mg/mL) from G. Pohl-Boskamp (Hohenlockstedt, Germany). PETN 
(25% with 75% lactose) was a gift from Actavis Deutschland (Langenfeld, 
Germany). For induction of diabetes, we used streptozotocin (STZ) from 
Fluka (Steinheim, Germany). L-012 (8-amino-5-chloro-7-phenylpyrido[3,4-d] 
pyridazine-l,4-[2H,3H]dione sodium salt) was purchased from Wako Pure 
Chemical Industries (Osaka, Japan). All other chemicals were of analytical 
grade and were obtained from Sigma-Aldrich, Fluka, or Merck. 
Animals and in vivo treatment. All animals were treated in accordance with 
the Guide for the Care and Use of Laboratory Animals, as adopted by the 
National Institutes of Health, and approval was granted by the ethics com- 
mittee of the University Hospital Mainz. A total of 66 male Wistar Rats (aged 6 
weeks, 250 g; Charles River Laboratories, Sulzfeld, Germany) were divided 
into four treatment groups: untreated controls (Ctr group); STZ-induced type 1 
diabetes with placebo (STZ group); PETN (15 mg/kg/day p.o.) (+PETN group); 
or ISMN (75 mg/kg/d p.o.) (+1SMN group) therapy. For induction of type 1 
diabetes, rats were injected with a single dose of STZ into the vena dorsalis 
penis (60 mg/kg i.v., in 5 mmol/L, pH 4.5, citrate buffer). Control animals were 
injected with the solvent. Organic nitrate treatment by diet (Ssniff Spezialdiaten, 
Soest, Germany) was started 1 week after STZ injection and continued for 7 
weeks. After 8 weeks of total treatment duration, animals were killed under 
isoflurane anesthesia. Diabetes was diagnosed by measuring glucose levels in 
whole blood (for STZ-treated rats it was diluted 1:5 with NaCl solution) using 
the Accu-Chek Sensor System from Roche Diagnostics (Mannheim, Germany). 
STZ treatment was previously shown to be a valid type 1 diabetes model (20). 
We recently showed that the vascular dysfunction observed in this model of 
STZ-induced diabetes can be reversed after insulin administration, which 
demonstrates the absence of a direct vascular toxicity induced by STZ (21). 
Isometric tension studies. Vasodilator responses to ACh and GTN were 
assessed with endothelium-tntact isolated rat aortic rings mounted for iso- 
metric tension recordings in organ chambers, preconstricted with phenyl- 
ephrine, as described previously (5,22). 

Detection of oxidative stress in serum, cardiac membrane fractions, 
and aorta. Xanthine oxidase (XO) activity was measured in serum by tracing the 
reduction of cytochrome c (50 jxmol/L) at 550 nm (8550 = 19,500 mmol/L/cm) 
with hypoxanthine (1 mmol/L) versus allopurinol (1 mmol/L). Antioxidant ca- 
pacity in serum was measured as previously published (23). Vascular ROS 
formation was determined using dihydroethidine (DHE) (1 |jLmol^)-dependent 
fluorescence microtopography in aortic cryosections, as described (24). Mem- 
brane fractions were prepared, and NADPH oxidase activity was measured by 
lucigenin (5 fxmol/L) enhanced chemiluminescence (ECL) in the presence of 
NADPH (200 |jLmol/L), according to a published protocol (24,25). 
Western blot analysis. Isolated aortic tissue was frozen and homogenized in 
liquid nitrogen. Proteins were separated by SDS-PAGE and blotted onto ni- 
trocellulose membranes. After blocking, immunoblotting was performed with 
the following antibodies: monoclonal mouse a-actinin (100 kDa) or polyclonal 



rabbit (3-actin (42 kDa) (1:2,500, Sigma-Aldrich) as controls for loading and 
transfer; polyclonal goat NADPH oxidase-1 (Noxl) (1:100, Santa Cruz Bio- 
technologies, Santa Cruz, CA) and monoclonal mouse Nox2 (gp91^^°^, 1:1,000, 
BD Biosciences, Franklin Lakes, NJ); monoclonal mouse eNOS (1:1,000, BD 
Biosciences); polyclonal rabbit phospho-Ser 11 77-eNOS (1:1,000, Upstate Bio- 
technology, Waltham, MA); monoclonal mouse GTP-cyclohydrolase-1 (GCH-1) 
(1 |JLg/mL, Abnova, Heidelberg, Germany); monoclonal mouse dihydrofolate 
reductase (DHFR) (1 fxg/mL, RDl Division of Fitzgerald Industries, Acton, MA); 
monoclonal mouse HO-1 (4 |JLg/mL, Stressgen, San Diego, CA); and polyclonal 
rabbit extracellular superoxide dismutase (ecSOD) (1:1,000, Assay Designs, 
Ann Arbor, Ml). Detection and quantification were performed by ECL with 
peroxidase-conjugated anti-rabbit/mouse (1:10,000; Vector Laboratories, 
Burlingame, CA) and anti-goat (1:5,000; Santa Cruz Biotechnologies) sec- 
ondary antibodies. Densitometric quantification of antibody-specific bands was 
performed with a ChemiLux Imager (CsX-1400M; Intas, Gottingen, Germany) 
and Gel-Pro Analyzer software (Media Cybernetics, Bethesda, MD). 
Immunoprecipitation. M-280 sheep anti-mouse IgG-coated beads from Invi- 
trogen (Darmstadt, Germany) were used along with a monoclonal mouse eNOS 
(BD Biosciences) antibody. The beads were loaded with the eNOS antibody and 
cross-linked according to the manufacturer's instructions. Next, the aortic 
homogenates were incubated with the eNOS antibody beads, precipitated with 
a magnet, washed and transferred to gel, and subjected to SDS-PAGE, fol- 
lowed by a standard Western blot procedure using a monoclonal mouse 
antibody against iS-glutathionylated proteins from Virogen (Watertown, MA) 
at a dilution of 1:1,000 under nonreducing conditions. 
Dot-blot analysis. Cardiac oxidative stress was assessed by dot-blot analysis 
of cardiac tissues, which was modified from a previous report (26). In brief, 
100 fxL (0.2 |JLg/|jLL protein based on the Bradford analysis) of the homogenized 
tissue sample was transferred to a Protran BA85 (0.45 jjim) nitrocellulose 
membrane (Schleicher and Schuell, Dassel, Germany) using the Minifold 1 
vacuum dot-blot system (Schleicher and Schuell). Each slot was washed with 
250 fxL PBS, and the membrane was dried for 15 min at 60°C. For detection of 
nitrated protein, a mouse monoclonal 3-nitrotyrosine (3NT) antibody (Upstate 
Biotechnology, Lake Placid, NY) was used at a dilution of 1:1,000. Positive 
bands were detected by enhanced chemiluminescence after incubation with 
a peroxidase-coupled secondary antibody (GAM-POX, 1:5,000) (Vector Labo- 
ratories). AU incubation and washing steps were performed according to the 
manufacturer's instructions. Densitometric quantification of the dots was per- 
formed as described in the Western blot section. 

Detection of oxidative stress in cardiac membrane fractions by 
high-performance liquid chromatography-based quantification of 
2-hydroxyethidium. Superoxide formation in heart membrane fractions 
also was measured by a high-performance liquid chromatography (HPLC)-based 
method to quantify ethidium and 2-hydroxyethidium yield from 50 jjimol/L DHE, 
as previously described (5,27). In brief, cardiac membrane fractions were in- 
cubated with 50 jjimol/L DHE for 30 min at 37°C in PBS buffer and snap frozen 
and stored at -80°C until they were homogenized in 50% acetonitrile/50% PBS, 
centrifuged, and 50 fxL of the supernatant were subjected to HPLC analysis. The 
system consisted of a control unit, two pumps, a mixer, detectors, a 
column oven, a degasser, and an autosampler from Jasco (AS-2057 Plus; 
GroE-Umstadt, Germany) and a Cis-Nucleosil 100-3 (125 X 4) column from 
Macherey and Nagel (Diiren, Germany). A high-pressure gradient was used 
with acetonitrile and 25 mmol/L citrate buffer, pH 2.2, as mobile phases with 
the following percentages of the organic solvent: 0 min, 36%; 7 min, 40%; 8-12 
min, 95%; and 13 min, 36%. The fiow was 1 mL/min, and DHE was detected by 
its absorption at 355 nm, whereas 2-hydroxyethidium and ethidium were 
detected by fiuorescence (excitation wavelength 480 nm/emission wavelength 
580 nm). The signal was normalized on wet weight of the heart tissue. 
Cell culture. Human endothelial cells (EA.hy 926 cells) (28) were grown in 
Dulbecco's modified Eagle's medium (Sigma) with 10% PCS, 2 mmol/L 
L-glutamine, 1 mmol/L sodium pyruvate, 100 lU/mL penicillin, 100 jjig/mL 
streptomycin, and IX hypoxanthine, amethopterin/methotrexate, thymine 
(HAT), as previously described (29). Human epithelial colon carcinoma DLD-1 
cells (American Type Culture Collection no. CCL-221) and DLD-l-HO-l-prom 
(see below) were grown in Dulbecco's modified Eagle's medium with 10% 
inactivated FBS, 2 mmol/L L-glutamine, penicillin, and streptomycin. 
Establishment of DLD-l-HO-l-prom cells. To generate a PGR fragment 
containing an 11-kb promoter fragment of the human HO-1 gene, chromo- 
somal DNA from DLD-1 cells and the oligonucleotides huHO-lprom5Pl 
CCGATATCAAGGCTGATCCCAGGCTAAC and huHO-lprom3Pl TGGGCA- 
ACATCAGGAACTTAG were used for the amplification reaction. The PCR 
fragment was digested with Eco RV and Eco Rl and cloned into pGL3/hH0-l 
(19) to generate pGL3-huHO-l-prom-llkb. To generate DLD-1 cells stably 
transfected with pGL3-huHO-l-prom-llkb, cells were cotransfected with 2.5 fxg 
pGL3-huHO-l-prom-llkb and 2.5 jjig psiRNAhHl-GFPzeo (expressing a zeocin- 
green fluorescent protein fusion protein [GFP]) with GeneJuice, according to 
the manufacturer's recommendations. Pools of stable transfectants from one 
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plate were selected with zeocin (0.2 mg/mL) and for GFP expression by 
fluorescence-activated cell sorting, resulting in the DLD-l-HO-l-prom cell line. 
Transient transfection of cells with siRNAs. Cells were transiently trans- 
fected with a validated anti-NRF2 siRNA (SI03246950) or a negative control 
siRNA (SI03650325) by lipofection with the HiPerFect HTS Reagent, according 
to the manufacturer's recommendations. 

Statistical analysis. Results are expressed as means ± SEM. t Tests or one- 
way ANOVA (with Bonferroni or Dunn correction for comparison of multiple 
means) were used for comparisons of vasodilator potency and efficacy, ROS 
detection by chemiluminescence, cytochrome c reduction or fluorescence, as 
well as protein expression, RNA expression, luciferase activity, and antioxi- 
dant capacity. The EC50 value for each experiment was obtained by log 
transformation. P values < 0.05 were considered significant. 



caused a minor but significant decrease in blood glucose in 
diabetic animals (Fig. 1). 

Vascular function. Diabetes-induced endothelial dysfunc- 
tion in diabetic vessels was manifest as a significant right 
shift of the acetylcholine concentration-relaxation curve, 
as observed by isometric tension studies (Fig. 2A). Therapy 
with PETN, but not ISMN, partially normalized diabetes- 
induced endothelial dysfunction (Fig. 2A). Also, endothelium- 
independent, GTN-mediated relaxation was impaired in the 
setting of diabetes and was completely normalized by PETN 
cotreatment but not improved by ISMN (Fig. 2E). 



RESULTS 

Blood glucose and weight gain. STZ-induced diabetes in 
Wistar rats caused a four- to fivefold increase in blood 
glucose and a 60% decrease in body weight gain within the 
therapy interval (Fig. 1). The organic nitrates did not affect 
weight gain in diabetic rats, but PETN, in contrast to ISMN, 
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FIG. 1. Weight gain and blood glucose levels in control and diabetic rats 
8 weeks after STZ injection and 7 weeks of organic nitrate treatment. A: 
Weight gain was calculated from the difference of values before and after 
STZ injection. B: Blood glucose was determined on the day the animals 
were killed (8 weeks after STZ injection). Data are the means ± SEM of 
10-11 (+PETN/+ISMN groups) or 20-22 (Ctr/STZ groups) animals per 
group. *P < 0.05 vs. control; #P < 0.05 vs. STZ-injected group. 
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FIG. 2. Effects of organic nitrate treatment on endothelium-dependent 
and -independent vasodilation in diabetic rats. Vascular function was 
determined by isometric tension studies and relaxation in response to 
endothelium-dependent (ACh) {A) and endothelium-independent with 
requirement of bioactivation (GTN) (5) vasodilators. Data are shown 
for control (Ctr) (circles), diabetic (STZ) (squares), STZ+PETN (tri- 
angles), and STZ+ISMN (inverted triangles) animals. Data are the 
means ± SEM of 37-77 (ACh) and 40-88 (GTN) aortic rings from 10-22 
animals per group. *P < 0.05 vs. control; #P < 0.05 vs. STZ. 
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XO- and Nox-derived ROS. As a measure of NADPH ox- 
idase activity, we used cardiac membrane fractions, which 
were stimulated with NADPH. Diabetes almost doubled 
the activity of membrane-bound NADPH oxidases. PETN 
therapy significantly decreased the signal in the hyper- 
glycemic group (Fig. 3^4). In contrast, ISMN significantly 
increased the NADPH oxidase activity in membranous 
fractions. Membranous superoxide formation also was de- 
termined by HPLC-based quantification of 2-hydroxyethidium, 
which was increased in samples from diabetic rats and 
normalized by PETN therapy (Supplementary Fig. SI). 

Finally, STZ-induced diabetes activated XO and led to 
increased serum ROS formation in the presence of hypo- 
xanthine, which was normalized by PETN, but not ISMN, 
therapy (Fig. SB). The latter rather increased serum XO 
activity. As a related parameter, serum antioxidant ca- 
pacity was dramatically decreased in the setting of di- 
abetes, improved by PETN, and not altered by ISMN (Fig. 
3(7). These data indicate that hyperglycemic conditions 
cause the depletion of serum low-molecular weight anti- 
oxidants, which may contribute to ROS- and reactive ni- 
trogen species-triggered endothelial dysfunction. 
Vascular and cardiac oxidative stress. Aortic ROS for- 
mation was detected in cryosections using DHE-dependent 
fluorescence microtopography and quantified by densitom- 
etry (Fig. 4A). DHE fluorescence revealed a significant 
increase in ROS formation in the whole vessel wall (endo- 
thelium, media, and adventitia) of vessels from hypergly- 
cemic rats. PETN, but not ISMN, therapy normalized the 
abnormal vascular ROS formation. As a measure for car- 
diac oxidative stress, the content of 3-nitrotyrosme- and 
malondialdehyde-positive proteins in heart tissue was de- 
termined by dot-blot analysis (Fig. 4B and C). Both markers 
of oxidative stress were significantly increased in the di- 
abetic group, completely normalized by PETN therapy, and 
partially improved by ISMN. 

Activation of vascular NADPH oxidases in the setting 
of diabetes and antioxidant, counterregulatory path- 
ways. The expression of the membrane-located NADPH 
oxidase subunits Noxl and Nox2 in aorta was increased 
by STZ-induced diabetes. Nox2 expression was partially 
suppressed by PETN, but not ISMN, therapy (Fig. 5A and B). 
As a compensatory mechanism, the expression of the anti- 
oxidant HO-1 system was increased in the setting of diabetes, 
which was further amplified by PETN supplementation (one 
of the known pleiotropic antioxidant properties of PETN) 
but decreased in the ISMN treatment group (Fig. 5(7). Ex- 
pression of the important antioxidant enzyme ecSOD was 
decreased by hyperglycemia but dramatically increased by 
PETN therapy and to a minor extent in the ISMN-treated 
animals (Fig. 5Z)). 

Mechanisms of eNOS uncoupling in the setting of 
diabetes. eNOS expression was increased in diabetic rats 
and not altered by organic nitrates (Fig. 6A). Although there 
was a tendency for PETN-dependent improvement of the 
activating (Serll77) phosphorylation state of eNOS, this 
difference was not significant, and this activating phos- 
phorylation was suppressed in diabetic animals (Fig. 6B and 
C). Compatible with the uncoupling of eNOS, the tetrahy- 
drobiopterin (BH4) synthase, GCH-I, was downregulated in 
the setting of diabetes and was normalized by PETN, but 
not ISMN, treatment (Fig. 6Z)). In contrast, the expression of 
the BH4 recycling DHFR was increased in the setting of 
diabetes and further augmented by PETN but inhibited by 
ISMN therapy (Fig. 6E). According to a recent publica- 
tion by the group of Zweier, eNOS is glutathionylated under 
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FIG. 3. Effects of organic nitrate treatment on cardiac and serum 
oxidative stress in diabetic rats. A: Quantification of cardiac NADPH 
oxidase activity in membranous preparations by ECL using the superoxide- 
specific dye, lucigenin (5 juimol/L). B: Quantification of serum XO activity 
by superoxide-dependent cytochrome c (50 juimol/L) reduction traced at 
550 nm. C: Detection of serum antioxidant capacity by low-molecular 
weight antioxidant-dependent 2,2-diphenyl-l-picrylhydrazyl radical 
(DPPH*) (50 jjimol/L) reduction traced at 517 nm. Serum was deprotei- 
nized by the addition of 50% acetonitrile. Data are the means ± SEM of 
heart tissues and serum samples from 10-20 (A), 6-10 (5), and 6-12 (C) 
animals per group. *P < 0.05 vs. control; #P < 0.05 vs. STZ. 



diabetes.diabetesjoumals.org 



DIABETES, VOL. 60, OCTOBER 2011 2611 



ORGANIC NITRATES AND DIABETES 




FIG. 4. Effects of organic nitrate treatment on vascular and cardiac production of RONS in diabetic rats. A: DHE (1 juimol/L) fluorescence micro- 
topography was used to assess vascular RONS formation in aortic cryosections. Five representative microscope images are shown below. B: Dot-blot 
analysis with a 3NT-specific antibody was used to assess 3-nitrotyrosine content in cardiac proteins. Three representative dot-blot results are shown 
below. C: Dot-blot analysis with a malondialdehyde (MDA)-specific antibody was used to assess malondialdehyde content in cardiac proteins. Three 
representative dot-blot results are shown below. Data are the means ± SEM of samples from 10-20 (A) and 6-15 and C) animals per group. *P < 0.05 
vs. control; #P < 0.05 vs. STZ; $P < 0.05 vs. PETN-treated group. (A high-quality digital representation of this figure is available in the online issue.) 



oxidative stress conditions and uncoupled (converted to a 
superoxide source) by this mechanism (30). We observed 
increased iS-glutathionylation of eNOS in diabetic rats, 
which was normalized by PETN therapy but not by ISMN 
treatment (Fig. 6F). 

Mechanistic insights in the induction of HO-1 and 
GCH-I by PETN in ceU culture. The activity of the HO-1 
promoter was increased by PETN but not by ISMN (Fig. 7 A) 
or other organic nitrates, such as GTN and isosorbide 
dinitrate (not shown). The PETN-mediated increase in the 
HO-1 promoter activity was suppressed by siRNA-mediated 
knockdown of NFR2 mRNA (Fig. IE). The successful down- 
regulation of the transcription factor, NFR2, and downstream 
inhibition of the PETN-mediated HO-1 induction was deter- 
mined at the mRNA level (Supplementary Fig. S2). Be- 
cause PETN is a potent inducer of HO-1, we determined the 
effects of the products from HO-l-catalyzed breakdown of 
metal porphyrins, bilirubin, and carbon monoxide on the 
expression level of GCH-L Both HO-l-derived products in- 
creased the expression of GCH-I (Fig. 7(7). 



DISCUSSION 

With the present studies, we show for the first time that the 
significant impairment of vascular function (ACh and GTN 
responses) in diabetic animals is partially improved by 
PETN, but not ISMN, therapy. Cardiac and vascular oxida- 
tive stress was increased in the STZ-induced diabetic group 
and almost completely normalized by PETN treatment, 
whereas ISMN, in most cases, did not alter reactive ox- 
ygen and nitrogen species (RONS) formation (Nox and 
XO activity, serum antioxidant capacity, and vascular 
oxidative stress) or had less pronounced effects com- 
pared with PETN (3NT and malondialdehyde content). 



These observations were mirrored by the protein expres- 
sion profiles of Nox isoforms, eNOS, the BH4-synthesizing 
GCH-I, the BH4-recycling DHFR, and the antioxidant enzymes 
ecSOD or HO-1. 

Oxidative stress is a major cause of reduced vascular 
NO bioavailability in diabetes (3). Besides the direct in- 
activation of NO by reaction with superoxide (31), the 
resulting peroxynitrite is known to potently oxidize and 
thereby deplete the eNOS cofactor BH4 (32), which in turn 
causes eNOS uncoupling. This concept is supported by the 
present findings and our previous observations that hy- 
perglycemia causes endothelial and smooth-muscle dys- 
function, with a major role for oxidative stress (3-5,33). 
More importantly, there was a clear correlation between 
NADPH oxidase activity, endothelial dysfunction, and ni- 
trate resistance (Supplementary Figs. S3 and S4). The pres- 
ent data demonstrate an activation of known sources of 
RONS, the NADPH oxidase, the XO, and the uncoupled 
eNOS, which is in accordance with our previous observa- 
tions (4,5). According to the concept of "kindling radicals," 
initial ROS formation (e.g., from NADPH oxidases) triggers 
further damage, such as eNOS uncoupling by oxidative 
depletion of BH4 or oxidation of the zinc-sulfur complex, 
both compromising the integrity of the eNOS dimer (4,6, 
34,35). Alternatively, protein kinase C-dependent phos- 
phorylation of eNOS at Thr495 has been shown to impair 
NO synthesis and may even lead to uncoupling with su- 
peroxide formation (7). Here, we also show for the first time 
that eNOS iS-glutathionylation may contribute to eNOS dys- 
function/uncoupling in the setting of diabetes (Fig. 6F), as 
recentiy published for spontaneously hypertensive rats (30). 
In agreement with this hypothesis, we found an increased 
expression of Noxl and Nox2 isoforms in aorta from di- 
abetic rats, and the increased superoxide formation from 
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FIG. 5. Effects of organic nitrate treatment on the expression of vascular Noxl and Nox2 as well as antioxidant proteins in diabetic rats. Noxl (A), 
Nox2 (5), HO-1 (C), and ecSOD (D) were assessed using the Western blotting technique and specific antibodies. Representative blots are shown 
at the bottom of each densitometric quantification. Data are the means ± SEM of aortic protein preparations from 6-15 (-A-C) and 5 (Z>) animals 
per group. *P < 0.05 vs. control; #P < 0.05 vs. STZ; $P < 0.05 vs. PETN-treated group. 



Nox isoforms was further amplified by a significant de- 
crease in ecSOD, as previously reported (36). 

The inducible antioxidant enzyme HO-1, a typical stress 
gene, was induced by STZ treatment, as previously shown 
for chronic hyperglycemia (37,38). PETN therapy further 
amplified HO-1 expression, which was previously reported 
as an antioxidant feature of this organic nitrate contrib- 
uting to its beneficial profile during chronic treatment 
(14,16,39). According to the present findings, HO-1 induc- 
tion by PETN is likely determined by the activation of the 
transcription factor NRF2 because this beneficial effect of 
PETN was lost upon silencing of NRF2 in cell culture, 
supporting the reported role of NO in this process (40). 
The observed induction of the BH4 synthase, GCH-I, by 
bilirubin and carbon monoxide, which are HO-l-derived 
products, provides an attractive explanation for the PETN- 
mediated upregulation of GCH-I (Fig. 7). Whether this is a 



result of the direct and indirect antioxidant effects of bil- 
irubin and CO interfering with the published "oxidative 
proteasomal" degradation of GCH-I (41,42) or to mecha- 
nisms at the transcriptional level remains to be determined. 
These data are in accordance with previous observations 
that pharmacological (16) and genetic (18) suppression of 
HO-1 activity results in the loss of the beneficial pleiotropic 
effects of PETN. 

As shown previously (3), the expression of eNOS was 
increased in diabetic rats, suggesting that this may be a 
compensatory "rescue" mechanism of the organism to re- 
spond to endothelial dysfunction (Fig. 6). However, be- 
cause eNOS is in its uncoupled state in diabetic animals 
(3-5,33), an additional increase in eNOS-produced ROS 
rather results in a vicious cycle. The most reasonable ex- 
planation for the uncoupling of eNOS is the down- 
regulation of GCH-I that results in decreased BH4 levels. 
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FIG. 6. Effects of organic nitrate treatment on the expression of vascular eNOS, GCH-I, and DHFR and phosphorylation, as well as the 
5'-glutathionylation state of eNOS in diabetic rats. eNOS (A), Serll77-phospho-eNOS (5), the ratio of Serll77-phospho-eNOS to eNOS (C), 
GCH-I (Z>), and DHFR were assessed using the Western blotting technique and specific antibodies. F: S'-glutathionylation of eNOS was 
determined by eNOS immunoprecipitation, followed by anti-glutathione staining. After stripping the membrane, the bands were stained for 
eNOS to allow normalization of the signals. As a control for the specificity of the antibody for GSH-positive proteins, diabetic samples were 
treated with p-mercaptoethanol. Representative blots are shown at the bottom of each densitometric quantification. Data are the means ± SEM 
of aortic rings from 6-15 (A, Z>, and and 5-8 (5, C, and F) animals per group. *P < 0.05 vs. control; #P < 0.05 vs. STZ; $P < 0.05 vs. PETN. 



We observed an increase in the expression of GCH-I in the 
PETN-treated group (Fig. 6D), compatible with our pre- 
vious finding in angiotensin Il-induced hypertension that 
PETN increases GCH-I expression via activation of the 
HO-1 pathway (18). In addition, the content of eNOS that 
was phosphorylated at Serll77 (Akt dependent), another 
known Ca^^-independent route to activate the enzyme, 
was significantly decreased in the setting of diabetes, 
which could contribute to the low NO-producing activity 
of eNOS in diabetic tissue (43). 

Finally, the expression of the BH4-recycling DHFR, the 
so-called "salvage" pathway, was increased in the setting 
of diabetes, compatible with the attempt of the organism 
to compensate for the loss of BH4 de novo synthesis. This 
compensatory effect was supported by the administration 
of PETN but was abrogated by ISMN. 

All of these cardiovascular complications and adverse 
side effects of STZ-induced diabetes were, in most cases, 
almost completely normalized, or at least significantly im- 
proved, by PETN therapy. In contrast, ISMN supplementa- 
tion had only minor effects on these parameters and only in 
some cases partially improved them. Thus, our data suggest 
that the interaction of organic nitrates with the vascular 
abnormalities induced by diabetes should not be extended 
to aU drugs in this class. Induction of additional oxidative 
stress evoked by organic nitrates may play an important 
role in the setting of nitrate-induced and diabetes-induced 
endothelial dysfunction and might potentially represent a 
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major drawback for the use of nitrates in diabetic patients. 
In this scenario, one opportunity may be supplementation 
with antioxidants, such as hydralazine (44,45) or lipoic 
acid (46,47), which are known to suppress nitrate toler- 
ance and improve endothelial dysfunction, or at least the 
use of an organic nitrate that activates intrinsic antioxi- 
dant pathways such as PETN (48,49), which displays po- 
tent antioxidant properties that are mediated by induction 
of HO-1 (14,16,39), ecSOD (50), and many other cardio- 
protective genes (51). Previous data show that the ecSOD is 
induced by HO-1 activity (or HO-l-derived products) (36). 
In addition, we recently have reported that PETN improves 
angiotensin Il-triggered endothelial dysfunction and vas- 
cular oxidative stress by recoupling of eNOS and sup- 
pression of NADPH oxidase activity (18), in accordance 
with previous reports that PETN improves established 
atherosclerosis (52). All of these observations may ex- 
plain the beneficial effects of PETN in the present model 
of experimental diabetes. 

Conclusions and clinical implications. The results of 
the present studies support previous findings that vas- 
cular dysfunction is associated with increased vascular 
oxidative stress in this in vivo model of diabetes. Treat- 
ment with the organic nitrate, PETN, but not with ISMN, 
improves endothelium-dependent and -independent re- 
laxation, reduces oxidative stress, prevents activation of 
NADPH oxidase, and inhibits XO-mediated superoxide 
production. The important role of NADPH oxidase in this 
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FIG. 7. Effect of organic nitrates on the activity of the 11-kb human HO-1 promoter in the dependence of NRF2 and induction of GCH-I by HO-1 
products. A: DLD-1 -HO-1 -prom cells were washed with PBS and incubated with Dulbecco's modified Eagle's medium containing 2 mmol/L 
L-glutamine in the absence of serum and phenol red. After 16 h, cells were incubated with 50 juimol/L PETN (or DMSO as a solvent control) or 50 
juimol/L ISMN (or water as a solvent control) for 8 h, lyzed in 1 x passive lysis buffer, and protein concentrations were measured using the Bradford 
reagent. Luciferase activity in the extracts was determined using the luciferase assay system. The light units of the firefly luciferase were nor- 
malized to the protein concentration of the cell extracts. The relative luciferase activity level of cells treated with the solvent control was set to 
100%. B: DLD-1 -HO-1 -prom cells were transiently transfected with an anti-NRF2 siRNA (siNRF2), which is shown to downregulate NRF2 ex- 
pression, or a negative control siRNA (siCtr) by lipofection with HiPerFect HTS Reagent according to the manufacturer's recommendations. After 
48 h, cells were treated as described above to analyze PETN-induced human HO-l-llkb promoter activity. The relative luciferase activity level of 
cells treated with DMSO and siCtr was set to 100%. C: Confluent human endothelial cells (EA.hy 926) were treated in six-well plates with solvent 
(0.1% DMSO = Ctr), bilirubin (BR; 10 juimol/L), the carbon monoxide-releasing compound (CORM = CO; 50 fjimol/L), or PETN (P; 50 fjimol/L) for 
15 h in the incubator. Two wells were pooled for GCH-I protein analysis (1:2,500; Dr. E. Werner, Innsbruck, Austria). Data are the means ± SEM of 
6-10 (A and 5) and 3-9 (C) independent experiments. *P < 0.05 vs. control; #P < 0.05 vs. PETN (siCtr). 



process is reflected by the correlation between vascular 
function and the activity of this enzyme complex (Supple- 
mentary Figs. S3 and S4). We propose that the powerful 
pleiotropic antioxidant effects of PETN account for the 
improvement of vascular function. According to preliminary 
data, PETN also seems to modify the metabolism of glucose 
in diabetic rats (Fig. 1), possibly by regulation of metabolic 
pathways, such as AMP-activated protein kinase (not shown). 
These experimental data that an organic nitrate improves 
vascular dysfunction in STZ-induced diabetes are new and 
further corroborate the concept that the organic nitrate, 
PETN, with intrinsic antioxidant properties, may be useful 
for the treatment of diabetic patients requiring anti-ischemic 
therapy. However, it should be noted that STZ treatment 
results in type 1 diabetes and that the present flndings 
cannot necessarily be translated to type 2 diabetes, a clear 
limitation of the current study regarding the clinical im- 
portance of the latter form. The clinical importance of the 
present flndings is based on the fact that cardiovascular 
complications (including angina pectoris) are a hallmark 
of diabetes, and diabetic patients with a two- to fourfold 
increased risk for infarction, especially, would beneflt 
greatly from organic nitrate treatment devoid of classical 
adverse effects, such as nitrate-induced vascular oxida- 
tive stress, nitrate tolerance, and endothelial dysfunction 
(cross-tolerance) . 
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